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SECTION  I 


INTRODUCTION 

The  advent  of  high  maneuverability  aircraft,  which  use  coupled  and 
closely  coupled  canards,  has  stimulated  research  directed  to  ascertaining  the 
effect  of  canards  on  the  overall  aerodynamic  characteristics  of  the  aircraft 
and  to  determining  whether  a  favorable  interference  between  the  canard  and  the 
wing  leading  edge  vortices  can  be  found  to  enhance  the  value  of  the  lift/drag 
ratio  (Reference  1-4). 

The  flow  at  the  leading  edges  of  sweptback  wings  at  an  ancle  of  attack 
separates  and  produces  vortex  sheets  which  roll  up  into  vortices  on  the  wing's 
upper  surface.  The  presence  of  canards  closely  coupled  with  the  wings 
produces  an  interference  between  the  leading  edge  vortices  (Figure  1).  The 
interference  changes  the  turbulence  characteristics  ar.d  the  trajectories  of 
the  vortices,  which  in  turn  can  change  the  wing's  aerodynamic  characteristics. 
The  present  research  was  directed  at  acquiring  experimental  data  on  the 
leading  edge  vortices  and  their  interaction. 

In  order  to  be  certain  of  the  reliability  of  the  collected  data,  two 
different  data  acquisition  systems  were  used.  An  intrusive  hot  wire 
anemometer  system  was  compared  to  a  non  intrusive  laser  doppler  velocimeter 
system.  In  addition,  tests  were  performed  with  different  size  models  in 
different  wind  tunnels  at  different  Mach  numbers  to  ascertain  whether  dif¬ 
ferences  in  these  parameters  would  alter  the  vortex  interaction  process. 

Detailed  turbulence  intensities  and  Reynolds  stress  measurements  were 
performed  in  the  rolled-up  vortices  by  means  of  hot  film  anemometers  and  laser 
doppler  velocimeters  for  various  canard-wing  configurations  tested  in  differ¬ 
ent  wind  tunnels.  These  measurements  gave  an  extensive  picture  of  boundary 
layer  separation  and  vortex  formation  on  the  canard-wing  upper  surface. 
Spanwise  wirg  blowing  was  used  in  some  tests  to  ascertain  whether  changing  the 
vortex  trajectory  would  enhance  the  wing  lift.  Laser  light  sheets,  photogra¬ 
phy,  oil  flow,  and  tufts  were  used  for  flow  visualization. 
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The  Reynolds  stress  data  obtained  in  the  present  experiment  can  be  used 
to  improve  eddy  viscosity  models  used  in  the  solution  of  the  unsteady  Navier- 
Stokes  equations,  applied  to  the  present  aerodynamic  confiquration,  and  to 
compare  with  theoretical  results. 


SECTION  II 


EQUIPMENT  AND  TEST  DESCRIPTION 

The  tests  were  performed  in  the  12  foot  vertical  wind  tunnel  (VWT)  and  in 
the  Trisonic  Gasdynamics  Facility  (TGF)  2  foot  wind  tunnel  of  the  Flioht 
Dynamics  Laboratory.  Similar  tests  were  previously  performed  in  the  5  foot 
wind  tunnel  of  the  Air  Force  Institute  of  Technoloqy  (Reference  1). 

a .  Vertical  Wind  Tunnel 

The  vertical  wind  tunnel  is  an  open  return  tunnel.  Its  test  section  is 
12  feet  wide  and  15  feet  h i ah  with  a  contraction  ratio  of  9.9  to  1.  The 
maximum  velocity  attained  in  the  tunnel  is  102  mph,  the  maximum  Mach  number  is 
0.14  and  the  Reynolds  number  per  foot  equals  0.95x10^.  It  runs  at  atmospheric 
conditions.  A  sketch  of  the  tunnel  is  shown  in  Fiaure  2.  Electronic  data 
recording  equipment  is  available  and  consists  of  an  analoq  to  diqital  convert¬ 
er  and  a  Hewlett-Packard  HP85  dioital  data  acquisition  system  with  20  siqnal 
conditioninq  amplifiers. 

The  tests  were  performed  at  a  freestream  velocity  of  100  mph  (Mach  number 
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approximately  equal  to  0.14)  and  at  a  Reynolds  number  per  foot  of  8.80  x  10  . 
Three  anqles  of  attack  were  used,  a  =  10°,  16°,  20°  (nominal  values).  The 
stinq  mounted  model  is  shown  in  Fiqures  3-4.  It  was  mounted  off  center  of  the 
test  section  in  order  to  allow  the  LDV  system  to  be  within  ranoe  for  oood  beam 
focusinq,  since  its  focal  lenqth  did  not  reach  the  tunnel  centerline,  and  also 
to  place  the  model  where  pre-test  surveys  showed  the  free  stream  turbulence 
levels  to  be  at  a  minimum. 

The  canards  could  be  coplanar  with  the  winos  or  could  be  raised  vertical¬ 
ly  and  inserted  in  slots  In  an  off-set  position  with  respect  to  the  winqs 
(Fiqure  5).  No  canard  deflections  were  used.  The  60°  sweptback  winq  was 
untwisted  and  had  uncambered  circular  arc  airfoil  sections.  Its  aspect  ratio 
was  2.5.  The  maximum  thickness  distribution  varied  linearly  from  6  percent  of 
the  chord  at  the  root  to  4  percent  at  the  tip.  The  maximum  semi-  thickness  at 
the  root  was  equal  to  0.3  in.  The  anqle  between  the  trail ina  edoe  and  the 
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perpendicular  to  the  fuselaae  centerline  was  60=34.77°.  The  51. 7C  sweptback 
canard  was  also  untwisted  and  had  an  uncambered  circular-arc  airfoil  section 
with  the  same  thickness  distribution  as  the  winq.  The  canard  area  was  28 
percent  of  the  winq  area,  and  its  aspect  ratio  was  4.12.  The  anqle  between 
the  trailina  edae  and  the  perpendicular  to  the  ^uselaoe  centerline  was 
,tj=13.8°.  A  six  component  strain  aauae  balance  was  incorporated  in  the  models 
capable  of  measurinq  normal,  axial,  and  side  forces  up  to  50,  15,  and  25  lbs. 
respectively.  The  balance  was  properly  calibrated  and  oerformeo  sati sfartori - 
lv.  The  conf iquration  tested  comprised  two  canard  positions,  coplanar  (mid) 
and  off  set  (hi ah >  hv  1.69  in. 

b.  Trisenic  Gasdynamics  Facility 

The  TfiF  wind  tunnel  is  a  close-circuit,  variable  density,  continuous  flow 
wind  tunnel,  which  can  operate  at  subsonic,  transonic,  and  supersonic  speeds 
(Fiqure  6A).  The  two  foot  subsonic  test  section  can  provide  Mach  numbers  from 
0.23  to  0.85.  The  maximum  Reynolds  number  per  foot  that  can  be  obtained  is 
2.5  million.  For  more  details,  consult  Reference  5.  The  Mach  numbers  used 
were  M=0. 3  and  M=0.5  and  the  Reynolds  numbers  per  foot  were  1.8x10“  and 
2.2X10f,  respectively.  Three  anolrs  of  attack  were  also  used,  namely  u  -  10°, 
16°,  19"  (nominal  values).  The  model  used  was  stina  mounted  and  it  was  a  552 
repl  ica  of  the  VWT  model.  The  balance  malfunctioned  when  spanwise  blowino  was 
used  at  hiqh  dynamic  pressures  and  could  not  be  calibrated  properlv. 

Therefore,  the  force  data  with  blowinq  were  disregarded  since  lift  chances  due 
to  blowina  coi^d  not  be  ascertained.  The  configurations  tested  were  with  the 
mid  canard  and  without  canard. 

c.  Data  Acquisition 

The  data  acquisition  system  *n  both  tunnels  consisted  of  an  argon  ion 
laser  doppler  velocimeter.  Two  orthogonal  velocity  components  (axial  and 
vertical)  were  measured  simultaneously.  Each  component  was  braaa  shifted  to 
eliminate  directional  ambiauity,  ana  facilitate  band  pass  filtering.  An 
off-axis  backscatter  conf iauretion  was  used.  A  traverse  mechanism  was  em¬ 
ployed  w’th  an  overall  precision  accuracy  of  approximately  ±  0.252  of  the 
distance  traveled.  The  diaital  data  were  channeled  to  a  microcomputer  for 
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on-line  analysis  and  then  transferred  to  a  minicomputer  for  final  processing 
and  analysis.  The  power  output  for  the  VWT  system  was  4  watts  for  full  wave 
output,  while  in  the  TGF  was  15  watts.  The  seedina  in  the  VWT  was  accom¬ 
plished  by  atomizinq  water  using  pressurized  air  from  80  to  200  psi,  while  in 
the  TGF,  silicon  oil  was  used  and  atomized  with  300  psi  pressurized  air.  The 
TGF  LDV  system  is  shown  in  Figure  6A  and  a  schematic  of  the  laser  configura¬ 
tion  is  shown  in  Figure  6B. 

The  mean  velocities  were  obtained  by  calculating  the  fringe  spacinq 
obtained  by  crossinq  the  interfering  blue  and  qreen  laser  beams  at  the  point 
under  investigation  in  the  flow  field, 

X 

^  2sin£?  (1) 

where  X  is  the  beam  wavelength  and  e  is  the  semi -angle  of  the  interfering 
beams.  Then  the  value  of  the  fringe  spacing  is  multiplied  by  the  doppler 
frequency  of  the  particles  traversing  the  fringe  spacinq. 


u  =  df 


(2) 


The  turbulence  intensities  were  obtained  directly  from  the  autocorrelation 
function  while  the  Reynolds  stresses  were  derivpd  from  the  crosscorrelation 
function, 


u  w  -  f  (R“) 


(4) 


Similar  equations  were  used  for  the  vertical  mean  velocity  and  turbulence 
intensity. 
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How  visualization  was  obtained  by  usino  tufts,  oil  flow,  and  laser  lioh  + 
sheets  aenerated  by  rerrovinq  the  front  transmission  lense  of  the  laser  and 
replacinn  it  with  a  cylindrical  lense.  For  more  details  about  the  laser 
velocimeter  apparatus,  refer  to  Peference  6. 


A  cross-shaped  hot  film  anemometer  was  used  in  the  TGF  in  conjunction 
with  the  l.PV  and  mounted  on  an  off-set  probe  support,  (Fioure  7A)  The  film 
lenoth  was  0.05  in,  its  sensinq  lenath  0.0?  in,  its  diameter  0.001  in,  and  its 
dvnamic  response  qreat.er  than  00  KHZ,  (Fioure  7B1.  It  was  mounted  on  a 
traverse  mechanism  shown  in  Fiaure  8,  which  allowed  motion  in  all  three  axes. 
All  the  data  presented  were  obtained  with  the  probe  aliared  with  the  free¬ 
st  ream  direction  and  at  different  positions  in  the  7  direction,  which  is 
perpend i cu 1  a r  to  the  wind  tunnel  axis.  The  hot  film  output  was  monitored  wi*h 
a  RMS  meter  and  recorded  on  tape. Auto  correlations  and  Dower  spectral  den¬ 
sities  were  obtained  usino  a  Fourier  analvzer.  Mean  velocities,  turbulence 
intensities,  and  Reynolds  stresses,  were  calculated  usino  the  p.C.  and  A.C. 
voltaae  outputs.  For  example: 


0.707 

u  = - - 

P 


0.707 


v  *2 


(5) 

(6) 


'  0.707 


u  = - — 

P 

'  0.707 


RMS 


RMS 


el  +  e2 


el  e2 


(7) 

(8) 


(9) 

The  procedure  used  is  similar  to  those  outlined  in  References  7  &  8.  In 
both  tunnels,  spanwise  mass  blowina  was  used  in  seme  tests  to  alter  the  vortex 
trajectory  of  the  wino  leadina  edqe  vortex  for  lift,  enhancement.  Hioh  pres¬ 
sure  air  of  up  to  150  psi  was  injected  at  50T  of  the  wino  root,  chord,  which 
resulted  in  a  mass  flux  of  1/4  pound/sec  and  a  correspondino  blowinq  coeffi¬ 
cient  of  Cp  s  0.05. 


i  i 

u  w 


0.5 

2 


6 


Fiqure  4  shows  the  external  injection  lines  on  the  VWT  model,  and  the 
injection  ports  located  just  aft  the  winq's  root  maximum  thickness,  at  26.18 
in  from  the  model  tip.  Fiqure  8  shows  the  internal  injection  lines  beside  the 
stinq  and  the  injection  port  below  the  wino  in  the  TGF  conf iquration  located 
at  14.41  in  from  the  model  tip.  Data  were  recorded  at  18  locations,  A  throuqh 
R,  for  18  different  conditions  (Fiqure  9),  namely  three  anqles  of  attack,  two 
canard  positions,  two  Mach  numbers,  with  and  without  mass  blowino,  usinq  the 
LDV  system  in  the  VWT  and  the  LDV  and  the  hot  wire  probe  in  the  TGF.  At  each 
canard,  wino,  or  flow  field  location,  10  measurements  were  taken  in  the 
vertical  direction.  In  Fioure  9,  the  first  dimensions  refer  to  the  model  used 
in  the  VWT,  while  the  dimensions  in  parenthesis  refer  to  the  55T  replica  used 
in  the  TGF  tunnel. 

For  the  different  anqles  of  attack  used,  corrections  to  the  anqle  of 
attack  were  made  to  compensate  for  the  stinq  and  model  deflections  due  to  the 
dynamic  loads.  The  probe  position  would  vary  within  ±  0.04  in  accuracy  for 
different  tests  due  to  some  slack  in  the  traverse  mechanism.  In  order  to 
evaluate  probe  interference  effects,  some  LDV  measurements  were  obtained  with 
the  probe  in  the  flow  filed.  A  IT  difference  was  recorded  between  the  data 
collected  with  the  probe  in  the  flow  field  and  without  the  probe.  Seme 
uncertainty  was  introduced  in  the  model  deflection  when  spanwise  injection  was 
used  because  of  the  balance  sensitivity  to  the  thrust  introduced  by  the 
blowinq.  Free  stream  turbulence  intensity  in  the  vertical  tunnel  was  approxi¬ 
mately  1%,  while  in  the  TGF  was  0.5T  of  the  freestream  velocity,  and  it  was 
measured  with  both  the  hot  wire  and  the  LDV. 

The  zero  probe  position  was  coincident  with  a  cartesian  coordinate  system 
centered  on  the  winq  tip  trail inq  edqe.  The  vertical  distance  of  the  probe 
from  the  surface  of  the  canard  or  winq  was  calculated  as  follows: 


Z  ,  ,  ,  =  Z  -  Z 

cls/wls  p  OS 


(10) 


where  Zp 


is  the  probe  vertical  readinq  and 


Z^  =  x  tana  *  r/2cosa 


(ID 
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is  the  location  of  the  canard  or  wina  surface  at  any  given  measuring  station. 


The  vertical  distance  of  the  probe  from  the  canard  or  winq  trail ina  edge 
was 


Z  .  .  .  =  Z  -  Z  ,, 

cle/wte  p  off 


(12) 


where 


=  y  tan  /3j  2  s^na 

is  the  location  of  the  canard  or  winq  trailing  edoe  in  the  flow  field.  In  all 

___  _  o 

the  plots  presented,  the  UW/V  symbol  on  the  ordinate  stands  for  u 'w'  x  10  . 

V 

Two  or  more  numbers  shown  under  the  test  point  number  (TPN)  in  the  figures 
signify  that  the  data  were  repeated  one  or  more  times.  No  attempt  was  made  to 
investigate  Reynolds  number  effects  since  the  Reynolds  numbers  in  the  two 
tunnels  were  very  close  to  each  other. 
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SECTION  III 


VORTEX  FLOW  FIELD 

The  vortical  flow  field  over  a  close-coupled  canard-wina  confiauratiori  at 
anqle  of  attack  is  examined.  At  anqles  of  attack,  the  flow  over  a  sweptback 
winq  separates  formino  a  free  vortex  sheet  which  rolls  up  over  the  wine's 
upper  surface.  This  leadinq  edoe  vortex  produces  an  additional  lift  which  is 
nor  linearly  dependent  on  the  anqle  of  attack  and  miaht  interact  with  the 
trailinq  edoe  vortex  sheet  which  results  from  the  circulation  on  the  winq  and 
is  oenerated  by  the  vorticity  from  the  wine's  potential  lift.  The  same  vortex 
system  occurs  on  the  canard  and  may  interact  with  the  winq  vortex  flow.  Also 
present  in  the  flow  field  are  secondary  vortices,  spanwise  trail inc  edoe 
vortices  caused  by  the  trailinq  edoe  sweep,  and  wino  tip  vortices,  qeneratino 
at  times  very  complex  interactions.  Spanwise  air  blowinq  is  used  to  alter  the 
leadinq  edoe  vortex  trajectory  in  an  effort  to  keep  it  locked  to  the  winq's 
leadinq  edoe  for  lift  enhancement. 

An  eftort  is  made  to  analyze  the  vortical  flow  field  over  the  confioura- 
t i on  and  to  interpret  the  behavior  of  the  turbulence  intensities,  the  stress¬ 
es,  and  the  vortices  at  oifferent  stations. 

The  local  effect  of  these  parameters  is  considered  in  relation  to  the 
overall  L/D  ratio  behavior. 
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SECTION  IV 


RESULTS 

It  must  be  stated  that  data  taken  with  the  hot  wire  and  LDV  systems  aaree 
only  in  the  General  trends  and  distribution.  At  times  only,  there  is  aoree- 
ment  in  the  maanitudes  too.  In  qeneral,  there  is  a  lot  of  scatter  in  the 
Reynolds  stress  measurements.  Biqqer  symbols  in  the  fiqures  siqnify  that  the 
values  ere  off  scale. 

Fiqures  10-13  show  the  results  obtained  in  the  TGF  at  various  points 
(stations)  over  the  canard  and  the  wino  with  measurements  repeated  at  least 
twice.  The  repeated  runs  were  performed  after  an  interval  of  several  days, 
chanqinq  the  model  confiouration  and  then  ooino  back  to  the  oriqinal  one.  The 
data  in  Fiqures  10-11,  obtained  with  the  hot  wire,  are  repeatable  except  for  a 
small  variation  in  the  mean  vertical  velocities.  In  qeneral,  the  data  are 
repeatable  within  a  small  deqree  of  difference,  which  is  acceptable  due  to  the 
unstable  vortical  flow  characteristics.  In  Fiqures  12-13,  data  obtained  with 
the  LDV  are  shown.  They  repeat  themselves  with  a  Greater  deqree  of  accuracy 
than  observed  with  the  hot  wire,  which  indicates  a  better  reliability  on  non 
intrusive  diaonostic  techniques.  It  is  evident  that  the  hot  wire  probe 
produces  a  Greater  disturbance  in  the  flow  field  than  the  micron  size  seedinq 
used  for  the  LDV  measurements.  For  some  conf iqurations  (see  Appendix  A),  the 
hot  wire  data  repeatability  is  not  as  accurate. 

a.  Comparison  of  H.W.  and  LDV  Data  With  mid  (coplanar)  Canard,  g  =  10° 

The  Mach  number  is  0.14  for  the  VWT  and  0.3  for  the  TGF  data.  Spanwise 
air  blowino  was  used  in  the  TGF  and  the  data  were  collected  with  the  hot  wire 
and  the  LDV  systems  in  the  TGF,  and  with  the  LDV  ir  the  VWT.  Fioures  14-16 
show  the  results  obtained  for  various  flow  field  quantities  at  the  point  Q 
(Fiqure  9)  in  the  wake  of  the  winq.  There  is  in  oeneral  a  qood  aoreement 
between  the  hot  wire  and  the  LDV  data  of  the  TGF  tunnel  and  the  LDV  data  of 
the  VWT.  It  is  evident  that  a  vortex  is  present  in  the  flow  field  because  of 
the  chanqe  of  siqn  in  the  vertical  mean  velocity  w/V  and  the  maximum  values 
reached  by  the  turbulence  intensity  w'/V  at  the  point  where  the  maonitude  of 


10 


the  vertical  mean  velocity  is  close  to  zero,  which  both  orrur  when  a  vortex  is 

traversed.  The  spanwise  blowina  produces  a  verv  snail  chance;  i.e.,  it  roves 

the  vortex  closer  to  the  surface  (compare  the  values  of  w/V  with  and  without 

blowina'.  The  discrepancy  between  H.W.  anc  LDV  data  is  more  pronounced  with 

blowina.  In  the  VWT,  the  values  of  the  vortical  turbulence  infpnsitv  and  of 

the  axial  Revnolds  stresses  are  somewhat  of*  the  TGF  values,  even  considering 

the  unsteadv  characteristics  of  the  flow  field,  up  to  7/7  s  n.4  ther,  thev 

m 

aaree  quite  well  up  to  the  end  of  the  vertical  excursion. 

Fiaures  17-19  refer  to  quantifies  measured  at  point  M,  which  is  located 
near  the  wine  tip  (Ficure  9).  The  comparison  of  velocities  and  stresses 
between  hot  wire  and  LDV  data  is  Good,  but  the  LDV  data  for  the  vertical  mean 
velocity  and  turbulence  intensitv  are  somewhat  hiaher,  away  from  the  wine. 
Blowina  does  not  substantially  chanqe  the  flow  field,  frlv  the  Revnolds 
stresses  chanoe  sian  near  the  wina  surface  because  of  it.  The  VWT  LTV  data 
show  the  same  distribution  of  vertical  mean  velocity  and  turbulence  intensify 

except  that  the  peak  values  for  the  velocity  between  Z  ,  /Z  ~  ?  and  4  are 

w ;  s  n 

considerably  lower.  In  all  the  fiaures,  there  is  a  decrease  of  axial  velocity 
near  the  winq  surface  which  indicates  the  incipient  formation  o*  the  wina  tip 
vortex . 

Fiaures  20-22  show  the  data  measured  at  point.  H,  which  is  located  near 

the  wina  leadina  edae  at  about  hal*  span  (Fioure  9).  Aaain,  the  data  aaree 

qua1 i tati velv ,  and  the  effect  of  blowina  seems  to  be  confined  to  increasing 

the  values  of  the  vertical  mean  velocity  and  turbulence  intensity.  The  plots 

show  the  location  of  the  leadinq  edae  vortex  to  be  at  about  Z  ,  / 7  =  4.  In 

w  I  s  m 

the  VWT,  the  leadino  edae  vortex  is  closer  to  the  wina  surface  a*  7  ,  /7  ? 

w  1  s  m 

(Fiaure  21).  The  Reynolds  stresses  at  times  have  discrepancies  in  their 
distribution  and  some  isolated  hiab  values  which  do  not  repeat.  This  behavior 
shows  the  difficulties  inherent  in  the  acquisition  of  the  Revnolds  stresses  in 
unsteady  turbulent  flows. 

Fiaures  23-25  depict  the  flow  field  behind  the  canard  trail ina  edae  at 
the  point  E  (Fiaure  9).  The  data  from  the  TGF  aaree  quite  well.  Analvzina 
the  axial  and  vertical  mean  velocities,  the  wake  and  associated  vortex  flow 
can  be  detected  at  Zcte/Zn  ~  G.2.  At  that  point,  the  distributions  have  an 
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i nf lect i on  and  the  turbulence  intensities  reach  a  maximum.  Unfortunately,  the 
data  trom  the  VWT  do  not  show  this  behavior  and  actually  they  do  not  agree 
with  the  TGF  data.  It  is  possible  that  the  seeding  for  the  LDV  in  the  Vl.'T  was 
done  incorrectly. 

In  fiqures  26-28,  the  data  from  the  tip  of  the  canard  at  point  D  are 
plotted  (Figure  9).  There  is  agreement  in  the  overall  results.  The  blowinn 
increases  the  intensities  of  the  stresses  and  the  mean  and  fluctuating 
velocites,  except  for  the  hot  wire  measurements  of  the  w/V  which  shows  a  lower 
velocity  with  blowing.  This  occurrence  might  be  due  to  probe  interference. 
Also,  the  value  of  w/V  in  the  VWT  is  much  lower  than  the  one  in  the  TGF.  The 
canard  tip  vortex  is  picked  up  at  s  0.1  (check  w/V  distribution), 

which  is  very  close  to  tne  surface.  In  fact,  the  vortex  just  starts  to  roll 
up  at  that  height. 

The  flow  over  the  point  R,  located  at  mid  span  on  the  canard  (Fioure  9), 

•is  analyzed  in  Figures  29-31.  The  distribution  of  the  vertical  mean  velocity 

shows  ♦hat  the  canard  leadinq  edoe  vortex  core  is  located  at  Z  ,  /Z  s  P.l  and 

-  c  I  s  m 

it  just  passes  over  point  B,  but  a  discrepancy  on  the  vortex  rotation  is 
noticed  by  comparing  the  VWT  and  the  TGF  results.  Again,  this  is  attributed 
to  probe  interference. 

The  same  degree  of  agreement  is  found  for  the  H.W.  and  LDV  measurements 
at  hiuher  anqles  of  attack  (see  Appendix  P). 

b.  Comparison  of  data  with  high  (off-set)  canard  and  with  mid  canard, 
VWT,  ct  =  10° 


Data  with  the  canard  placed  1.69  in  above  the  wing  plane  were  obtained  in 
the  VWT.  It  is  useful  to  compare  these  data  v/ith  the  mid  canard  data  in  order 
to  establish  the  extent  of  influence  of  the  canards  position  on  the  wine's 
flow  field. 

At  the  wing's  leading  edge,  point  F,  it  is  clear  that  the  mid  canard 
presence  influences  appreciably  the  flow  field,  while  the  high  canard  causes 
much  less  interference  (Figures  32-33).  The  vertical  n'ean  velocity,  the 
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turbulence  intensity,  and  the  Reynolds  stresses  have  higher  values  for 
the  mid  canard  position.  The  excessive  turbulence  reaching  the  wing  is 
detrimental  to  the  lift.  The  balance  data  confirm  that  the  interference 
caused  by  the  mid  canard  is  unfavorable  compared  with  the  conditions  with  the 
high  canard  configuration  at  a  =  10°.  The  lift  coefficient  for  the  high 
canard  is  CL  =  0.59,  while  for  the  mid  canard  =  0.525.  The  L/D  ratio  with 
the  high  canard  is  12%  higher  than  with  the  mid  canard. 

Plots  for  other  locations  are  shown  in  Appendix  C. 

c.  Comparison  of  data  with  high  (off-set)  canard  and  with  mid  canard, 
VWT ,  a  =  16° 


At  the  point  R,  the  wing  tip  vortex  for  the  high  canard  is  centered  at 
Zv’te/Zm  s  the  fTlld  canard  produces  a  shift  of  the  vortex  in  the 

vertical  direction,  since  its  center  is  approximately  located  at  ^wte/?m  =  6. 
The  high  canard  produces  also  an  inversion  in  the  vertical  mean  velocity 
direction  close  to  the  wing  plane  and  a  higher  vertical  turbulence  intensity 
(Figure  34).  The  other  quantities  are  comparable  (Figure  35). 


On  the  wing  tip,  point  M,  the  vertical  mean  velocity  is  higher  for  the 
high  canard  (Figure  36).  In  addition,  with  the  high  canard,  the  vortex  core 
is  smaller  than  with  the  mid  canard,  indicating  that  a  slower  vortex  growth, 
and  therefore  a  less  dissipating  action  is  taking  place,  while  the  momentum  is 
conserved.  The  velocity,  turbulence,  and  stresses  in  the  axial  direction  and 
axial  plane  are  much  higher  in  presence  of  the  mid  canard  which  indicates  a 
stronger  interference  (Figure  37).  The  same  conditions  are  found  at  point  H 
on  the  wing,  where  a  bigger  vortex  and  higher  turbulence  with  the  mid  canard 
indicate  a  stronger  interaction  (Figures  36-39). 

The  balance  data  indicate  that  an  overall  favorable  interference  is 
obtained  with  the  high  canard  since  the  L/D  ratio  is  about  12%  higher  than 
with  the  mid  canard. 


d.  Comparison  of  data  with  high  (off-set)  canard  and  with  mid  canard, 
VWT,  g  =20° 
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As  was  the  case  for  a  =  16°,  at  a  =  20°  the  mid  canard  shifts  the  wine 
tip  vortex  up  in  the  vertical  direction  at  point  Q  (Fiqure  40).  The  plot  of 
the  vertical  mean  velocity  for  the  hiqh  canard  shows  two  distinct  vortices, 
the  winq  tip  vortex,  the  center  of  which  is  located  at  Zwte/Zm  s  0  and  the 
canard  tip  vortex  located  at  Zwtg/Zm  s  9.  The  turbulence  intensity  increases 
considerably  at  the  second  vortex  location  as  do  the  Reynolds  stresses  for  the 
hiqh  canard  (Fioure  41).  At  the  winq  tip,  point  M,  the  hiqh  canard  causes 
hiqher  turbulence  and  stresses,  but  the  mid  canard  produces  a  hiqher  vortex 
vertical  velocity  (Fiqures  42-43),  which  is  beneficial  tc  the  lift. 


At  the  wino's  leadinq  edqe,  point  H,  the  mid  canard  causes  a  lift  of  the 
leadino  edqe  vortex  from  ^wi S/Zm  =  1*75  to  Zwls/Zm  =  4.  In  addition,  the 
vortex  is  completely  rolled  up  (Fiqures  44-45).  The  turbulence  intensities 
and  the  stresses  are  comparable.  Results  at  other  locations  are  shown  in 
Appendix  C. 


The  balance  data  show  that  at  ci  =  20°,  the  hiqh  canard  location  produces 
an  overall  favorable  interference,  since  the  L/D  ratio  is  7%  hiqher. 


e.  Comparison  of  data  with  mid  canard  and  without  canard,  TGF,  a  =  10° 

The  comparison  of  Fiqures  46  and  47  shows  that,  without  canard,  the 
turbulence  and  wake  effects  recorded  with  the  hot  wire  at  point  0  are  hiqher 
while  the  neqative  vertical  mean  velocity  is  smaller  than  with  the  presence  of 
the  canard.  This  effect  is  considered  to  be  a  favorable  interference  of  the 
mid  canard  with  the  wina,  due  to  the  development  of  a  less  dissipative  flow 
with  a  qreater  downwash  behind  the  winq,  which  aenerates  a  biqqer  lift.  This 
effect  was  already  noticed  in  Reference  1.  The  balance  data  confirm  this 
conclusion  showinq  a  lift  increase  of  about  7%  by  usinq  the  coplanar  canard. 
However,  the  L/D  ratio  with  the  coplanar  canard  increases  by  only  about  2%. 
Measurements  taken  with  the  H.W.  with  blowinq  without  canard  show  a  chanqe  in 
the  stress  behavior  and  an  increase  in  the  wake  lonqitudinal  velocity,  but 
blowinq  leaves  the  other  parameters  almost  unchanoed  (Fiqures  47-48). 

f .  Comparison  of  Data  with  mid  canard  and  without  canard  TGF,  a  -  16° 
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In  the  wake  of  the  wind's  tip,  point  R ,  the  wake  axial  and  vertical  mean 

velocity  are  much  higher  with  the  canard,  while  the  turbulence  in tens  1 tv  is 

lower,  which  indicates  a  favorable  canard  interference  (Fiaures  49-50).  At 

point  0,  in  the  wake  of  the  wind  leading  edae  vortex,  which  is  located  at 

1^/1  s  6,  the  blowing  increases  the  turbulence  and  stresses,  especially 
wte  m 

when  the  measurements  are  made  with  the  LDV  (Figures  51-5P1.  On  the  wino  +  ip, 
point  M,  the  same  favorable  canard  interference  experienced  at  point  R  is 
recorded.  The  blowing  increases  the  axial  mean  velocity  and  the  stresses  over 
the  wing  tip  (Fiaures  53-54). 

On  the  wing  leading  edge,  point  H,  the  wake  of  the  canard  and  its  vortex 

produce  a  hiaher  axial  mean  velocity  and  lower  axial  turbulence  intensity  than 

the  configuration  without  canard,  but  a  lower  vertical  mean  velocity  and  a 

higher  vertical  turbulence  intensity.  Furthermore,  the  flow  from:  the  canard 

helps  the  wine's  leadina  edae  vortex  roll  up  and  position  its  center  at  Z  ,  /Z 

W  I  s 

s  4.0,  which  is  the  point  of  sign  change  of  the  vertical  mean  velocity  and  ot 
maximum  turbulence  intensity.  Without  canard,  the  vortex  flow  is  still  moving 
vertically,  it  is  retarded  in  the  longitudinal  direction,  and  it  is  net  rolled 
up  (Figures  55-56).  Again,  the  mid  canard  leading  edge  vortex  seems  to 
interact  favorably  with  the  winn  vortex.  The  balance  data  at  a  =  16°  show 
that  the  canard  increases  substantially  the  lift  coefficient  about  15*,  but 
the  L/D  ratio  increases  only  slightly,  just  about  4* . 

Results  at  other  locations  and  angles  of  attack  are  similar  to  those 
presented  and  are  shown  in  Appendix  0. 

g .  Mach  number  effects  on  the  wing's  outboard  span  with  mid  canard,  TPF, 
a  =  16° 

In  Figures  57-59,  hot  wire  results  at  points  R,  M,  ana  E  for  M  =  C.3  and 
0.5  show  comparable  values  *or  the  flow  parameters  measured.  Onlv  the  verti¬ 
cal  mean  velocity  for  M  =  0.3  in  Figure  57  could  bo  higher  or  lower  according 
to  two  different  runs. 

At  midspan  in  the  wake  of  the  winq,  point  T,  an  increase  in  Mach  number 
has  the  effect  to  reduce  the  mean  velocities,  the  axial  turbulence  intensity. 
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and  the  Reynolds  stresses  near  the  wake's  center  (Figure  60).  The  come 

effects  are  seen  at  the  wina's  t.railina  edae,  point  J  < F ’ou re  61'  and  on  the 

winQ  itself,  at  points  K  and  L  (Fiaures  6;’-63).  The  leariina  edae  vortex 

location  can  clearly  be  seen  to  be  at  point  K  (Fiaure  6?'.  Its  center  is 

located  at  ?  .  /Z  «  4  where  the  axial  nean  velocitv  is  minimal  and  the 
wls  m 

intensity  and  stresses  are  maximum  and  where  the  vertical  mean  velocitv 
chances  sian  and  corresponds  tc  a  maximum  turbulence  intensity. 

h .  Force  and  Moment  Measurements 

Balance  measurements  obtained  in  both  wind  tunnels  show  a  aood  agreement, 
for  the  values  of  the  lift,  draa,  and  pitchina  moment  coefficients  (Ficures 
64-65). 

Fiaure  64  refers  to  aata  obtained  in  the  vertical  wind  tunnel.  Tt  is 
evident  that  the  hioh  canard  produces  a  favorable  interference  and  a  better 
lift/draa  ratio  than  the  mid  canard,  up  to  about  1QV  hiohpr. 

Fiaure  65  refers  tc  data  obtained  in  the  TGF,  with  the  coplanar  canard 
and  without  canard.  The  use  of  the  canard  aives  a  hiaher  lift/draa  ratio,  bu+ 
t.he  improvement  is  fairlv  small  ('about  4‘s). 

It  is  believed  that  the  reason  for  the  high  canards  favorable  resu’t?  is 
partly  due  to  its  vortex  and  wake  flow  missina  the  wina  and,  therefore, 
causing  less  adverse  interference. 

For  the  ranae  tested,  as  expected,  the  Mach  number  has  in  General  a  small 
influence  on  the  lift/draa  ratios,  which  are  basically  functions  of  Revnolds 
number  (Fiaure  66).  The  Pevnolds  number  difference  between  the  tunnels  is 
small  enouah  not  to  affect  the  coefficients'  values. 

Normal  force  measurements  taken  with  and  without  blowina  with  the  VWT 
balance  showed  a  very  sliaht  increase  in  normal  force  with  hlowina,  but  this 
increase  is  inconclusive  since  it  lies  within  the  experimental  error  ranqe, 
which  lies  in  the  2%  to  3%  ranae.  As  stated  before,  the  TGF  balance  data  with 
blowina  were  unreliable  and  could  not  be  presented. 
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SECTION  V 


FLOW  VISUALIZATION 

Flow  visualization  was  obtained  in  both  the  VWT  and  the  TGF  tunnels.  In 
the  VWT,  tufts,  oil  flow,  and  laser  lioht  sheets  were  used,  while  in  the  T6F 
tunnel,  only  lioht  sheets  were  used.  Fioures  67-72  show  the  flow  field  in  the 
VWT  for  both  the  mid  and  hiqh  canard  at  anqles  of  attack  of  10°,  16°,  and  20° 
usir.o  tufts.  The  size  of  the  leadino  edoe  vortices  increases  with  increasino 
anqle  of  attack.  The  mid  canard  shields  the  winq's  leadinq  edqe  and,  conse¬ 
quently,  the  wino's  leadinq  edoe  vortex  starts  forminq  a  short  distance 
outboard  and  ends  well  ahead  of  the  winq  tip,  while,  for  the  hiqh  canard,  the 
winq's  leadino  edoe  vortex  extends  from  the  wino's  root  almost  to  the  wino's 
tip.  This  can  clearly  be  seen  in  the  oil  flow  photooraphs  (Fioures  73-78). 
This  better  vortex  formation  is  beneficial  to  the  overall  lift. 

At  all  anqles  of  attack,  the  leadino  edqe  vortex  for  the  mid  canard  sheds 
at  3/4  span  on  the  canard  and  at  mid  chord  near  the  winq  tip  on  the  wino 

(notice  the  vortex  separation  line).  When  the  hiqh  canard  is  used,  the 

canards  leadinq  edoe  vortex  sheds  at  a  span  location  closer  to  the  canard  tip 
when  the  wino's  leadinq  edqe  vortex  remains  close  tc  the  wino's  surface  up  to 
the  tip's  trailino  edqe.  The  earlier  vortex  sheddinq  for  the  mid  canard 
produces  an  unfavorable  interference  and  a  lower  L/D  ratio.  At 

n  =  16°,  and  20°,  two  secondary  separation  lines  are  visible  on  the  wino. 

Fioure  79  shows  the  vortex  system  obtained  with  the  laser  I’oht  sheets  in  the 
VWT.  The  model  confiouration  refers  to  the  mid  canard  at  a  =  16°.  On  the 
model's  left  side  is  clearly  seen  the  interaction  between  the  canard  and  wino 
vortices. 

Fioure  80  shows  the  application  of  laser  liqht  sheets  in  the  TGF  tunnel. 
The  air  injection  port  at  the  winq's  root  mid  span  is  visible.  Fioures  81-86 
show  the  vortex  interaction  at  different  anqles  of  attack  at  M=  0.3  and  0.5. 

In  Fiqures  81-82,  the  tip  (or  secondary)  vortex,  the  winq's  and  the  canards 
leadinq  edoe  vortices  are  clearly  seen  closely  interactino  with  each  other  at 
a  =  18°  and  M  =  0.30.  The  vortex  system  Is  sliqhtly  biooer  at  M  =  0.5. 

Fiqures  83-84  show  the  vortex  system  at  a  =  16°  and  at  M  =  0.3  and  0.5 
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respectively.  Aaain,  the  higher  Mach  number  produces  biqqer  vortices. 
Comparinq  Fiqures  81-83  and  82-84,  it  is  easy  to  see,  as  expected,  that  the 
vortex  system  is  biqqer  at  hiqher  anoles  of  attack;  therefore,  the  effect  of 
increasinq  the  Mach  numbers  is  similar  to  increasing  slightly  the  anqle  of 
attack. 

In  Figure  85,  the  winq  vortex  for  a  =  10°  can  be  seen  on  the  opposite 
side  of  the  model;  i.e.,  on  the  riqht  wino. 

Complete  movies  have  been  taken  for  different  configurations  at  all 
anoles  of  attack  up  to  a  =  18°  and  are  available  for  reviewing  at  the  Flight 
Dynamics  Laboratory. 
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SECTION  VI 


CONCLUSION 

An  experimental  invest.iqation  was  performed  on  a  close-coupled  canard- 
wina  model  usina  two  different  w'nd  tunnels  and  two  diaorostic  systems.  The 
conclusions  are: 

a.  In  General,  the  data  repeatability  shows  some  small  dearee  of  inac-  ^ 

curacy,  due  to  the  unstable  (time  dependent)  nature  of  vortical  flows. 

Usually  the  LDV  repeatability  is  better  than  the  hot  wire  anemometrv  is, 
because  ox  the  non  intrusive  technique,  but  for  some  configurations ,  the  hot 

wire  repeatabi 1 i tv  is  quite  qood.  The  comparison  of  data  taker  with  the  hot 

wire  and  the  LDV  system  shows  an  aoreement  in  the  General  trends  and 
distributions.  The  maqnituaes  usually  differ  and  only  at  times  are  they  in 
^oreement.  Also,  a  lot  of  scatter  and  discrepancies  are  noticed  in  the 
Pevnolds  stress  measurements  tak°r,  with  the  two  svstens,  which  make  them, 
urrel iable. 

b.  There  is  in  Genera1  aoreement  between  the  hot  wire  and  LDV  data  of 

the  T6F  tunnel  and  the  LDV  data  of  the  VWT.  This  sianifies  that  the  size  of 

the  funnel  and  of  the  model  have  a  nealicible  effect  on  the  data. 

c.  For  the  Mach  number  ranae  tested,  the  Mach  numbpr  effect  is  in 
General  small  except  at  some  discrete  stations  on  the  wino  and  when  no  canard 
is  used.  In  this  case,  the  increase  in  Mach  number  reduces  somewhat  the 
values  of  the  mean  velocities,  intensities,  and  stresses.  Another  Mach  number 
effect  is  to  increase  the  vortex  size  with  increasino  Mach  numbers. 

d.  Spanwise  blowino  usually  produces  a  small  favorable  effect. 

e.  The  vortex  interaction  remains  unchanaed  with  anale  of  attack.  The 
only  influence  of  increasina  the  anale  of  attack  consists  of  increasina  the 
mean  and  fluctuatina  properties  of  the  vortical  flow  field. 

f.  At  all  anales  of  attack,  the  presence  of  the  hiah  (off-set)  canard 
creates  a  favorable  interaction  between  the  leadinc  edae  vortices  bv 
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increasinq  the  vortex  core  and  its  strenoth  over  the  winq  plane  and  is  more 
effective  than  the  mid  (coplanar)  canard  in  improvinq  the  wina's  vortex  flow. 

q.  The  use  of  the  mid  (coplanar)  canard  increases  the  lift  coefficient 
of  all  the  conf iqurations  tested,  but  the  lift/draq  ratio  increase  is  small 
when  compared  with  confiqurations  without  canard.  The  hiqh  (off-set)  canard 
instead  produces  a  marked  improvement  on  the  lift/draq  ratio  at  all  the  anqles 
of  attack  tested. 
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FIG.  I  COPLANAR  CANARD  CONFIGURATION  AT  ANGLE 
OF  ATTACK,  VORTEX  INTERACTION 


*.*V 


FIG.  2  VERTICAL  WIND  TUNNEL  (VWT) 
WRIGHT  FIELD 
SCALE  Im-I2€T 
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FIG.  3  -  MODEL  INSTALLATION- VWT 


CANARD  CONFIGURATION 


FIG.  5  SKETCH  OF  MODEL  -VWT 


FIG.  6A  TRISONIC  GASDYNAMICS 
FACILITY  TGF  2  FOOT  TUNNEL  AND 
LASER  DOPPLER  VELOCIMER 
ASSEMBLY. 


FIGURE  6B-SYSTEM  CONFIGURATION 
IN  THE  TG  F. 
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REPEATED  LDV  MEASUREMENTS  OF  MEAN  VELOCITIES, 
TURBULENCE  INTENSITIES,  AND  REYNOLDS  STRESSES  WITH 
THE  COPLANAR  CANARD -TGF-a  *  |Q#  -  STATION  L 


FIO.  14.  HOT  WIRE  AND  LDV  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND 
REYNOLDS  STRESSES  WITHOUT  BLOWING  -  COPLANAR  CANARD  -  TGF  -  CC  — 10*  STATION  Q 


TATION  ALPHA  MACH  MDOT 


LDV  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES.  AND  REYNOLDS 
STRESSES  WITH  THE  COPLANAR  CANARD]  WITHOUT  BLOWING)  V.  W.  T.  -  «  «  10°  STATION  Q 
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FIG.  18.  HOT  WIRE  AND  LDV  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES, 
AND  REYNOLDS  STRESSES  WITH  BLOWING -COPLAN AR  CANARD  -  TGF -CC- 10#- STATION  W 
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HOT  WIRE  AND  LDV  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND 
REYNOLDS  STRESSES  WITHOUT  BLOWING  - COPL ANAR  CANARD- TGF  -  «  =  | ()•-  STATION 
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*  T  CC  s  10*,  MID  CANARD,  LASER  DATA,  M  *■  0.14 
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HOT  WIRE  AND  LDV  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND 
REYNOLDS  STRESSES  WITHOUT  BLOWING  - COPL ANAR  CANARD- TGF  -  «  «  IO#-  STATION  E 


WIRE  AND  LDV  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES, 
REYNOLDS  STRESSES  WITH  BLOWING -COPLAN AR  CANARD  -  TGF -<£■  IO#- STATION  D 


10*,  MID  CANARD,  LASER  DATA,  M  =  0.14 
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MEAN  VELOCITIES,  TURBULENCE 


V  T  tf  =  10*  MIO  CANARD,  LASER  DATA,  M  «  0.14 


NOTE  -  SOLID  SYMBOLS  REFER  TO  HIGH  CANARD 


FIG.32  LDV  MEASUREMENTS  OF  AXIAL  MEAN  VELOCITY,  TURBULENCE  INTENSITY,  AND  REYNOLDS 
STRESSES  WITH  THE  COPLANAR  CANARD  AND  THE  HIGH  CANARD  WITHOUT  BLOWING  - 
V.W.T.-  a  «  10*-  STATION  H 


NOTE  -  SOLID  SYMBOLS  REFER  TO  HIGH  CANARD 
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FIG. 33  LDV  MEASUREMENTS  OF  VERTICAL  MEAN  VELOCITY  AND  TURBULENCE  INTENSITY  WITH 

THE  COPLANAR  CANARD  AND  THE  HIGH  CANARD  WITHOUT  BLOWING  -V. WIT-  tt  *  10*  STATION  M 


V.  T.  CC  -  16*  MID  ANO  HIGH  CANARD,  LASER  DATA,  M=  0.14 


FIRM  LDV  MEASUREMENTS  OF  VERTICAL  MEAN  VELOCITY  AND  TURBULENCE  INTENSITY  WITH 
THE  COPLANAR  CANARD  AND  THE  HIGH  CANARD  WITHOUT  BLOWING -V.WT- a  «»•- 
STATION  R 


NOTE  -  SOLID  SYMBOLS  REFER  TO  HIGH  CANARD 
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FI 6.35  LDV  MEASUREMENTS  OF  AXIAL  MEAN  VELOCITY,  TURBULENCE  INTENSITY,  AND  REYNOLDS 
STRESSES  WITH  THE  COPLANAR  CANARD  AND  THE  HIGH  CANARD  WITHOUT  BLOWING  - 
V.  W.T. -CC  »I6*  -  STATION  R 


16*  MIO  AND  HIGH  CANARD,  LASER  DATA,  M  =.  0.14 
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FIG.  36  LDV  MEASUREMENTS  OF  VERTICAL  MEAN  VELOCITY  AND  TURBULENCE  INTENSITY  WITH 
THE  COPLANAR  CANARD  AND  THE  HIGH  CANARD  WITHOUT  BLOWING -V.W.T- CL  *  16* 
STATION  M 


NOTE  -  SOLID  SYMBOLS  REFER  TO  HIGH  CANARD 


NOTE  -  SOLID  SYMBOLS  REFER  TO  HIGH  CANARD 
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FIG. 38  LDV  MEASUREMENTS  OF  VERTICAL  MEAN  VELOCITY  AND  TURBULENCE  INTENSITY  WITH 

THE  COPLANAR  CANARD  AND  THE  HIGH  CANARD  WITHOUT  BLOWING  -V.WT-CC  »I6#- STATION  H 


NOTE  -  SOLID  SYMBOLS  REFER  TO  HIGH  CANARD 


FIG.40LDV  MEASUREMENTS  OF  VERTICAL  MEAN  VELOCITY  AND  TURBULENCE  INTENSITY  WITH 

THE  COPLANAR  CANARD  AND  THE  HIGH  CANARD  WITHOUT  BLOWING -V.WT-tt  *20- STATION Q 


SYMBOLS  REFER  TO  HIGH  CANARD 


20*.  HIGH  a  MID  CANARD,  LASER  DATA,  M  =  0.14  NOTE  -  SOLID  SYMBOLS  REFER  TO  HIGH  CANARD 


NOTE  -  SOLID  SYMBOLS  REFER  TO  HIGH  CANARD 


FIG. 43  LDV  MEASUREMENTS  OF  AXIAL  MEAN  VELOCITY,  TURBULENCE  INTENSITY,  AND  REYNOLDS 
STRESSES  WITH  THE  COPLANAR  CANARD  AND  THE  HIGH  CANARD  WITHOUT  BLOWING  - 
V.  W.T.  -  CC  »  20°-  STATION  M 


SYMBOLS  REFER  TO  HIGH  CANARD 


20*.  MIO  AND  HIGH  CANARD,  LASER  DATA,  M  =  0.14 


!;S|"»8 


68 


FIG.45  LDV  MEASUREMENTS  OF  AXIAL  MEAN  VELOCITY,  TURBULENCE  INTENSITY,  AND  REYNOLDS 
STRESSES  WITH  THE  COPLANAR  CANARD  AND  THE  HIGH  CANARD  WITHOUT  BLOWING  - 
V.W.T.-CC  »  20»-  STATION  H 


STATION 
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FIG.  50  HOT  WIRE  MEASUREMENT  OF  MEAN  VELOCITIES,  I  I  1  !  ' 

TURBULENCE  INTENSITIES,  AND  REYNOLDS  STRESSES  WITH¬ 
OUT  BLOWING  -  NO  CANARD -TGF-cc  =■  16  °  STATION  R 
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FIG.  51'  HOT  WIRE  MEASUREMENT  OF  MEAN  VELOCITIES, 

TURBULENCE  INTENSITIES,  AND  REYNOLDS  STRESSES  WITH¬ 
OUT  BLOWING  -  NO  CANARD -TGF- a  =  16°  STATION  Q 


FIO  52  REPEATED  HOT  WIRE  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES 
AND  REYNOLDS  STRESSES  WITH  BLOWING  -  NO  CANARD-  TGF -  «  »  16*  STATION  Q 
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FIG. 54  HOT  WIRE  MEASUREMENT  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND 
REYNOLDS  STRESSES  WITH  BLOWING -NO  CANARO  -  TGF  -  OC  -  16°  STATION  M 


HOT  WIRE  MEASUREMENT  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND  REYNOLDS 
STRESSES  WITHOUT  BLOWING  -  COPLANAR  CANARD  -  TGF  -  CC  -  16°  STATION  H 


FIG. 56.HOT  WIRE  MEASUREMENT  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND 
REYNOLDS  STRESSES  WITHOUT  BLOWING -NO  C  ANARD  -  TGF  -  a  -  16°  STATION  H 
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CIRCLED  SYMBOLS 
REFER  TO  M-.3  DATA 


FI0.59  MACH  NUMBEREFFECTONHOT^REMEASUR^ME^TS 
TURBULENCE  INTENSITIES,  AND  REYNOLDS  STRESSES 


i  CIRCLED  SYMBOLS 
|  REFER  TO  M«. 3  DATA 


FIG.60  MUCH  NUMBER  EFFECT  ON  HOT  WIRE  MEASUREMENTS  OF  MEAN  VELOCITIES 
TURBULENCE  INTENSITIES,  ANO  REYNOLDS  STRESSES  WITHOUT  BLOWING  - 
COPLANAR  CANARD  -  TGF  -  CC  -l«*“  STATION  I 


10.61  MACHNUMBER~EFFECT  ON  Hot  WIRE  MEASUREMENTS  OF  MEAN  VELOCITIES 
TURBULENCE  INTENSITIES,  AND  REYNOLDS  STRESSES  WITHOUT  BLOWING  - 
COPLANAR  CANARD  -TGF  -  oC  -  16*  -  STATION  J 


CIRCLED  SYMBOLS 


HOT  WIRE  MEASUREMENT  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND  REYNOLDS 
STRESSES  WITHOUT  BLOWING  -  COPLANAR  CANARD  -  TGF  -  CC  -  16*  STATION  L 


FIG.  65. COMPARISON  OF  LIFT  COEFFICIENTS  AND  DRAG  POLARS  OBTAINED  WITH  THE 
COPLANAR  CANARD  AND  WITHOUT  CANARD  -  TGF 


COPLANAR  CANARD  -  VWT  AND  T6F 


•Close-Coupled  Canard-Wing 
Mid  Canard 

Angle  of  Attack:  16° 
Dynamic  Pressure :  25  PSP 


FIG.  69  FLOW  VISUALIZATION  BY  MEANS  OF  TUFTS  -  COPLAN AR 
CANARD  -V.  W.  T.  -  ®  *  16*  -  M  *  0.14 


pF 16.  70  ft0tf  VIS^AUZATION  BY  MEANS  OF  TUFTS  -  HIGH  CANARD 


Close-Coupled  Canard-Wing 
Mid  Canard 

Angle  of  Attack:  20° 
Dyna«Le,'l|eaaure :  25  PSF 


FIG.  71  FLOW  VISUALIZATION  BY  MEANS  OF' -  COPLAN AR 
CANARD  -V.  W.  T.  -  a  *  20*-  M  *  0.14 
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FIG.  73  FLOW  VISUALIZATION  BY  MEANS  OF  OIL  FLOW-COPLANAR 
CANARD- VWT-tf  =  10°  -  M  *0.14 


Close-Coupled  Canard-Wing 
High  Canard 
Aagle  of  Attack:  10° 
Dynamic  Pressure :  25  PSF 


FIG.  74  FLOW  VISUALIZATION  BY  MEANS  OF  OIL  FLOW-  HIGH  CANARD - 
VWT -  ®  *  IO#- M  *  0.14 


Close-Coupled  Canard-Wing 
Mid  Canard 

Angle  of  Attack:  16° 
Dynamic  Pressure:  25  PSF 


FIG  75  FLOW  VISUALIZATION  BY  MEANS  OF  OIL  FLOW 
COPLANAR  CANARD  -  VWT-  cc  «  I6»-  M«  0.14 


Close-Coupled  Canard-Wing 
High  Canard 
Angle  of  Attack:  16° 
Dynamic  Pressure:  25  PSF 
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FIG.  76  FLOW  VISUALIZATION  BY  MEANS  OF  OIL  FLOW-  HIGH  CANARD 
VWT -  «  *  I6#-M  *  0.14 


FIG.  79  FLOW  VISUALIZATION  BY  MEANS  OF  LASER  LIGHT  SHEETS* 
COPLANAR  CANARD  -  VWT-  (t  »  I6#-  0,14  «■■■■ 
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VORTEX  INTERACTION  ON  LEFT  WINO  WITH  THE  COPLAN AR  CAN 
TOF-CC^HMM  II  ii^— ^ 
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IX  A 


APPEND 

riqures  A1  t.o  A19  show  repeated  runs  tor  different  conf ieurations  at 
;  stations,  measured  with  the  H.W.  and  the  LDV. 
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FIG  Al  REPEATED  HOT  WIRE  MEASUREMENTS  OFlMEAN  VELOCITIES,  TURBULENCE  INTENSITIES 
AND  REYNOLDS  STRESSES  WITH  tHt  COPLANAR  CANARD -TGF-  «  ■  10*  STATION  D 
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FIGA3  REPEATED  HOT  WIRE  MEASUREMENTS  OF  MEAN  VELOCITIES, 
TURBULENCE  INTENSITIES,  AND  REYNOLDS  STRESSES 
WITH  THE  COPLANAR  CANARD  -  TGF  «•  16*  STATION  L 


FIG.A4  REPEATED  HOT  WIRE  MEASUREMENTS  OF  MEAN  VELOCITIES, 
TURBULENCE  INTENSITIES,  AND  REYNOLDS  STRESSES 
WITH  THE  COPLANAR  CANARD  -  TGF  -  c  »I6#  STATION  A 


FIG.A5  REPEATED  HOT  WIRE  MEASUREMENTS  OF  MEAN  VELOCITIES, 
TURBULENCE  INTENSITIES,  AND  REYNOLDS  STRESSES 
WITH  THE  COPLANAR  CANARD  -  TGF-  -  «  »I6  •  STATION  C 
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FIGA6  REPEATED  HOT  WIRE  MEASUREMENTS  OF  MEAN  VELOCITIES, 
TURBULENCE  INTENSITIES,  AND  REYNOLDS  STRESSES 
WITH  THE  COPLANAR  CANARD  -  TGF-  ct-16*  STATION  F 
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FIGAT  REPEATED  HOT  WIRE  MEASUREMENTS  OF  MEAN  VELOCITIES, 
TURBULENCE  INTENSITIES,  AND  REYNOLDS  STRESSES 
WITH  THE  COPLANAR  CANARD  -  TGF  -  OC «I6#- STATION  G 
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FIG.A8 REPEATED  HOT  WIRE  MEASUREMENTS  OF  MEAN  VELOCITIES, 
TURBULENCE  INTENSITIES,  AND  REYNOLDS  STRESSES 
WITH  THE  COPLANAR  CANARD  -  TGF  -  «  *  16*  STATION  J 
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FIGA9  REPtsTfcTHOfwiRE  MEASUREME  NTS  OF  MEAN  VELOCITIES, 
*  TURBULENCE  INTENSITIES,  AND  REYNOLDS  STRESSES 
WITH  THE  COPLANAR  CANARD  -  TOF  «  »16  *  STATION  K 
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FIG  AIO  REPEATED  HOT  WIRE  MEASUREMENTS  OF  MEAN  VELOCITIES 

TURBULENCE  INTENSITIES,  AND  REYNOLDS  STRESSES 
WITHOUT  CANARD  -  TGF  STATION  L  -  <X  *  IO# 


FIG.  All  REPEATED  HOT  WIRE  MEASUREMENTS  OF  MEAN  VELOCITIES, 
TURBULENCE  INTENSITIES,  AND  REYNOLDS  STRESSES 
WITH  THE  COPLANAR  CANARD  -  TGF  -  STATION  L  -  OC  »  16* 
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FIG.  AI2  REPEATED  LDV  MEASUREMENTS  OF  MEAN;  VELOCITIES,  TURBULENCE  INTENSITIES  a 
REYNOLDS  STRESSES  WITHOUT  CANARD  - TGF  -  «  =.  I6»  STATION  L 
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FIG  A  15  REPEATED  LDV  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES, 
AND  REYNOLDS  STRESSES  WITH  THE  COPLAN  AR  CANARD- TGF  -  cc  *  IO*STATION  L 
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FIG.  Alt  REPEATED  LDV  MEASUREMENTS  OF  MEAN  VELOCITIES, 
TURBULENCE  INTENSITIES,  AND  REYNOLDS  STRESSES 
WITHOUT  CANARD  -  TGF  -  OC  «  16*  STATION  L 
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FIG.  A  18  REPEATED  LDV  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES, 
AND  REYNOLDS  STRESSES  WITH  THE  COPLANAR  CANARD -TGF  CC  •  20" STATION  L 
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FIG.  A19  REPEATED  LDV  MEASUREMENTS  OF  MEAN  VELOCITIES, 
TURBULENCE  INTENSITIES,  AND  REYNOLDS  STRESSES  WITH 
THE  COPLANAR  CANARD -TGF  STATION  L  -  CC  16* 


APPENDIX  B 


The  figures  B1  to  B70  compare  data  obtained  with  the  H.W.  and  the  LDV 
for  different  configurations  at  different  stations,  for  n  =  16°  and  a  =  20°. 
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r  WIRE  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITY 
S  STRESSES  WITH  BLOWING  -COPLANAR  CANARD  -TGF-«  *16°  STATION 
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FIG.  B2LDV  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND  REYNOLDS 
STRESSES  WITHOUT  BLOWING  -  COPLANAR  CANARD  -  TGF  -  CC  -  I6**STATI0N  R 


jFIG. B3  LDV  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND  REYNOLDS 
STRESSES  WITH  BLOWING  -  COPL  ANAR  CANARD  -  TGF  -  CC  «  16*  -STATION  R 
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FIG  B6  REPEATED  HOT  WIRE  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES 
AND  REYNOLDS  STRESSES  WITH  BLOWING -COPLAN AR  CANARD -TGF-  *  *  16°  STATION  M 


36 


FIG.B7  LDV  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND  REYNOLDS 
STRESSES  WITHOUT  BLOWING  -  COPLAN  A  R  CANARD  -  TGF  -  CC  •  I6*-STATI0N  M 


G.  B8  LDV  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND  REYNOLDS 
STRESSES  WITH  BLOWING  -  COPLANAR  CANARD  -  TGF  -  <£  «  16*  -STATION  M 
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V.  T.  CC  s  16*  MID  CANARD,  LASER  DATA 


FIG.  BKDLDV  MEASUREMENTS  OF  AXIAL  MEAN  VELOCITY,  TURBULENCE  INTENSITY,  AND  REYNOLDS 
STRESSES  WITH  THE  COPLANAR  CANARDS  WITHOUT  BLOWING  -  V.W.T.-OC  -  I6# 

-  STATION  M 


140 


FIOBII  REPEATED  HOT  WIRE  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES 
AND  REYNOLDS  STRESSES  WITH  BLOWING  -  COPLAN AR  CANARD  -TGF-  *  -  16*  STATION  H 
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FIG.BI2  HOT  WIRE  MEASUREMENT  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND  REYNOLDS 
;  STRESSES  WITHOUT  BLOWING  -  COPLANAR  CANARD  -  TGF  -  OC -16*  STATION  H 
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FIG.BI3  LDV  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND  REYNOLDS 
STRESSES  WITHOUT  BLOWING  -  COPLAN  A  R  CANARD  -  TGF  -  CC  «I6#-STATI0N  H 


f  I6.BM  LDV  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND 
STRESSES  WITH  BLOWING  -  COPLANAR  CANARD  -  TGF  -  OC  *  16*  -STATION  H 
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F1G.BI5LDV  MEASUREMENTS  OF  VERTICAL  MEAN  VELOCITY  AND  TURBULENCE  INTENSITY  WITH 
THE  COPLANAR  CANARD  WITHOUT  BLOWING -V.WT- a *16*- STATION  H 
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FIG.BI7  HOT  WIRE  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND 

REYNOLDS  STRESSES  WITH  BLOWING  -  COPLANAR  CANARD  -  TGF  -  0C=  1 6*- STATION  E 
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FIG.BI8LDV  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND  REYNOLDS 
STRESSES  WITHOUT  BLOWING  -  COPLANAR  CANARD  -  TGF  -  CC  •  16° -STATION  E 
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F1G.B22H0T  WIRE  MEASUREMENT  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND  REYNOLDS 
STRESSES  WITHOUT  BLOWING  -  COPLANAR  CANARD  -  TGF  -  CC  »I6#  STATION  D 
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V.  T.  cc  s  16?  MID  CANARD,  LASER  DATA,  M  a  0.14 
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F1G.B29H0T  WIRE  MEASUREMENT  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND  REYNOLDS 
STRESSES  WITHOUT  BLOWING  -  COPLANAR  CANARD  -  TGF  -  <£  *  16*  STATION  B 


LFIG.B30H0T  WIRE  MEASUREMENT  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND  REYNOLDS 
STRESSES  WITHOUT  BLOWING  -  COPLANAR  CANARD  -  TQF  -  CC  -  16  STATION  B 
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FIG.B34  LDV  MEASUREMENTS  OF  VERTICAL  MEAN  VELOCITY  AND  TURBULENCE  INTENSITY  WITH 
,  THE  COPLANAR  CANARD  WITHOUT  BLOWING -V.WT- tt  *16*  STATION B 


X 


20*.  MIO  CANARD,  LASER  OATA,  M  =  0.14 


<  X 
X] 

<!X 
<K1 
<1 
XI  <3 


H  ii 

K  >% 


X] 

X 


<3 

< 


-  <e 


-  E 

v. 

UJ 

t- 

Ucm 


UQ 


X 

X 

X 

X 

X 

X 

X 

X 

X 

X 


X 


X 


X 

II 

7*|8 

<1 

II 

iH=? 


X 


X 

X 

X 

X 


£ 

>- 

h 

CO 

z 

UJ 


UJ 

o 


<J 

<3 


O 

O 


m  o 


si 

V 

tH 

3> 

UJ  rn 


<3 


r  W 


U< 

< 

Rk, 

•  < 


t 

I 


<3 

<3 


S3 

Set 

UJ> 

> 

u  O 

CO  z 

K  < 
Z  o 

U- 

UJ  < 


CO  J 
<  0- 


% 


20*  MID  CANARO,  LASER  DATA,  M  =  0.14 
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FIG.B4I  HOT  WIRE  MEASUREMENT  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND  REYNOLDS 
STRESSES  WITHOUT  BLOWING  -  COPLANAR  CANARD  -  TGF  -  CC  » 20* STATION  M 


FIG.  B42H0T  WIRE  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND 

REYNOLDS  STRESSES  WITH  BLOWING  -  COPLANAR  CANARD  -  TGF  -  flC  20#- STATION  M 
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FIG.  B44  LDV  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND  REYNOLDS 
STRESSES  WITH  BLOWING  -  COPL ANAR  CANARD  -  TGF  -  CC  *  20*-STATI0N  M 
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T  WIRE  MEASUREMENT  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND  REYNOLDS 
RESSES  WITHOUT  BLOWING  -  COPLANAR  CANARD  -  TGF  -  CC  »20w  STATION  H 
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FIG.BSLDV  MEASUREMENTS  OF  AXIAL  MEAN  VELOCITY,  TURBULENCE  INTENSITY,  AND  REYNOLDS 
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FiaB57  LDV  MEASUREMENTS  OF  VERTICAL  MEAN  VELOCITY  AND  TURBULENCE  INTENSITY  WITH 
THE  COPLANAR  CANARD  WITHOUT  BLOWING  -V.WT-tt  *  20*  -  STATION  E 
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FIG.B58  LDV  MEASUREMENTS  OF  AXIAL  MEAN  VELOCITY,  TURBULENCE  INTENSITY,  AND  REYNOLDS 
STRESSES  WITH  THE  COPLANAR  CANARD  WITHOUT  BLOWING  -  V.  W.T.  -  CC  -  20*  — 
STATION  E 
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MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND 
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LDV  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND  REYNOLDS 
STRESSES  WITHOUT  BLOWING  -  COPLANAR  CANARD  -  TGF  -  CC  -20°*STATI0N  B 
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68  LOV  MEASUREMENTS  OF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND  REYNOLDS 
STRESSES  WITH  BLOWING  -  COPL  ANAR  CANARD  -  TGF  -  cC  *  20°*STATI0N  B 
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LDV  MEASUREMENTS  OF  AXIAL  MEAN  VELOCITY,  TURBULENCE  INTENSITY,  AND  REYNOLDS 
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APPENDIX  C 


The  figures  Cl  to  C22  compare  data  obtained  in  the  VWT  with  the  high 
canard  to  data  with  the  mid  canard  for  different  configurations  at  different 
stations. 
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FIG.  C3  LDV  MEASUREMENTS  OF  VERTICAL  MEAN  VELOCITY,  TURBULENCE  INTENSITY,  AND 
REYNOLDS  STRESSES  WITH  THE  HIGH  CANARD  WITHOUT  BLOWING  -  V.  W.  T.- CC  -  10° 
STATION  M 
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FIG.  C5  LOV  MEASUREMENTS  OF  VERTICAL  MEAN  VELOCITY,  TURBULENCE  INTENSITY,  AND 
REYNOLDS  STRESSES  WITH  THE  HIGH  CANARD  WITHOUT  BLOWING  -  V.  W.  T.- CC  »  10* 

STATION  E 
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FIG.  C7  LDV  MEASUREMENTS  OF  VERTICAL  MEAN  VELOCITY,  TURBULENCE  INTENSITY,  AND 
REYNOLDS  STRESSES  WITH  THE  HIGH  CANARD  WITHOUT  BLOWING  -  V.  W.  T.- CC  »  10* 
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LDV  MEASUREMENTS  OF  AXIAL  MEAN  VELOCITY,  TURBULENCE  INTENSITY,  AND 
REYNOLDS  STRESSES  WITH  THE  HIGH  CANARD^ITHOUT  BLOWING  -  V.  W.  T.  -  GC 
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FIG.  CI9  LDV  MEASUREMENTS  OF  VERTICAL  MEAN  VELOCITY  ANO  TURBULENCE  INTENSITY, 
WITH  THE  HIGH  CANARD  WITHOUT  BLOWING  -  V.  W.  T.  -  «  -  20#  -  STATION  D 
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APPENDIX  D 


The  figures  D1  to  027  compare  data  obtained  in  the  TGF  tunnel  with  the 
mid  canard  and  without  canard  for  different  configurations  at  different 
stations. 
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FIG.  D3  HOT  WIRE  MEASUREMENT  QF  MEAN  VELOCITIES,  TURBULENCE  INTENSITIES,  AND 
REYNOLDS  STRESSES  WITHOUT  BLOWING- NO  CANARD  -  TGF  -  CC  «  IO#  STATION  M~ 
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